In contrast to Escherichia coli, where all tRNAs have the CCA motif encoded by their genes, two classes of tRNA precursors exist in the Gram-positive bacterium Bacillus subtilis. Previous evidence had shown that ribonuclease Z (RNase Z) was responsible for the endonucleolytic maturation of the 3 0 end of those tRNAs lacking an encoded CCA motif, accounting for about one-third of its tRNAs. This suggested that a second pathway of tRNA maturation must exist for those precursors with an encoded CCA motif. In this paper, we examine the potential role of the four known exoribonucleases of B.subtilis, PNPase, RNase R, RNase PH and YhaM, in this alternative pathway. In the absence of RNase PH, precursors of CCA-containing tRNAs accumulate that are a few nucleotides longer than the mature tRNA species observed in wild-type strains or in the other single exonuclease mutants. Thus, RNase PH plays an important role in removing the last few nucleotides of the tRNA precursor in vivo. The presence of three or four exonuclease mutations in a single strain results in CCA-containing tRNA precursors of increasing size, suggesting that, as in E.coli, the exonucleolytic pathway consists of multiple redundant enzymes. Assays of purified RNase PH using in vitro-synthesized tRNA precursor substrates suggest that RNase PH is sensitive to the presence of a CCA motif. The division of labor between the endonucleolytic and exonucleolytic pathways observed in vivo can be explained by the inhibition of RNase Z by the CCA motif in CCA-containing tRNA precursors and by the inhibition of exonucleases by stable secondary structure in the 3 0 extensions of the majority of CCA-less tRNAs.
INTRODUCTION
Transfer RNAs (tRNAs) are synthesized as longer precursor molecules that require maturation of both their 5 0 and 3 0 ends. Maturation of the 5 0 side is catalysed by the quasi-universally conserved endonucleolytic ribozyme, RNase P (1), while maturation of the 3 0 side can be either endonucleolytic or exonucleolytic. The best studied paradigm of the exonucleolytic pathway is that of Escherichia coli. Here, any one of at least four redundant enzymes, RNases T, PH, D and II (and possibly PNPase), can produce mature tRNA 3 0 ends by degrading the 3 0 extension (2), generally thought to result from cleavage of the primary transcript on the downstream side of the tRNA by endoribonuclease RNase E (3, 4) . Of the four enzymes involved in the exonucleolytic pathway of tRNA maturation in E.coli, RNase T and RNase PH are considered the most important (2) . In the case of RNase T, this is thought to be because of the enzyme's ability to remove nucleotides close to stable secondary structures, such as the tRNA acceptor arm (5) .
The endonucleolytic pathway of tRNA maturation is catalysed by the ubiquitous enzyme RNase Z, the structure of which was recently solved (6) . About half of the sequenced bacteria contain an RNase Z ortholog (7) . RNase Z cleaves tRNA precursors just downstream of the discriminator base [nucleotide (nt) 73 in the standard tRNA numbering system] in most cases, yielding a tRNA ready for addition of the CCA motif by nucleotidyl transferase (8) (9) (10) (11) (12) (13) (14) (15) . In many organisms, it has been shown that the CCA motif inhibits cleavage by RNase Z, thus preventing futile cycles of CCA addition The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org and removal (14,16). The number of tRNA precursors with an encoded CCA motif varies widely in bacteria, from Thermotoga maritima which has just one such tRNA (17), to E.coli, where 100% of tRNAs have an encoded CCA motif. It was recently shown that RNase BN of E.coli, involved in the removal of erroneously incorporated nucleotides by nucleotidyl transferase or in the maturation of certain phage T4 tRNAs lacking a CCA (18), and previously thought to be a fifth enzyme of the exonucleolytic tRNA maturation pathway (2) , is in fact an ortholog of RNase Z (19). We have shown that RNase Z is responsible for the endonucleolytic maturation of CCA-less tRNA precursors in Bacillus subtilis, which constitute about one-third (27 out of 86) of its tRNAs. The remaining tRNAs are correctly matured in vivo in a strain partially depleted for RNase Z (20), suggesting that a second maturation pathway must exist in B.subtilis for CCA-containing tRNA precursors. In this paper, we show that RNase PH is an important component of this exonucleolytic pathway.
MATERIALS AND METHODS

Strains
The strains used in this study are listed in Table 1 . Substitution of part or all of ribonuclease coding sequences with antibiotic resistance markers have been described: DpnpA::cm (21), Drph::spc (22), Drnr::spc (23), DyhaM::pm (24) and Drnr::tc (22). The isopropyl-b-D-thiogalactopyranoside (IPTG)-inducible Pspac:rnz construct was also described previously (20). Strains with more than one ribonuclease mutation were constructed by transformation of RNase mutant strains with chromosomal DNA obtained from a strain bearing the desired mutation.
Northern blots
The hybridization conditions for northern blots using oligonucleotide probes specific for each tRNA are described previously (20).
Purification of B.subtilis RNase PH
The B.subtilis rph gene was amplified by PCR using oligos CC075 and CC076 and cloned between the EcoRI and HindIII sites of pET28a (Stratagene). The sequences of all oligonucleotides used in the study are reported in Table 2 . C-terminal histidine-tagged RNase PH was purified from E.coli BL21 CodonPlus (Stratagene) cells on a 1 ml Ni-NTA agarose (Qiagen) column according to the protocol described for RNase Z by Pellegrini et al. (20) , except that elution was by pH-gradient from 50 mM sodium phosphate, pH 6.0, 0.3 M NaCl to 50 mM sodium acetate, pH 4.0 and 0.3 M NaCl.
Synthesis of tRNA precursors in vitro 32 P-labelled tRNA precursors were synthesized by T7 RNA polymerase (Stratagene) in vitro using PCR fragments as templates as described previously (20). The following oligonucleotide pairs were used: trnI-Thr, HP560/HP62; trnI-Thr (+6, ÀCCA), HP560/CC079; trnI-Thr (+6, +CCA), HP560/CC107; trnB-Thr, HP563/HP294; trnB-Thr (+6, ÀCCA), HP563/CC201; trnD-Ser, CC198/CC199; trnD-Ser (+6, ÀCCA), CC198/CC208; trnD-Ser (+6, +CCA), CC198/ CC214; trnB-Leu1, CC202/CC203; trnD-Leu1 (+6, ÀCCA), CC202/CC209; trnD-Leu1 (+6, +CCA), CC202/CC215; trnSL-Ala1, CC204/CC205; trnD-Cys, CC206/CC207. Transcripts were purified from unincorporated nucleotides on G50 spin columns (Amersham Biosciences).
Assay of RNase PH activity
RNase PH assays were performed in a 50 ml reaction volume with 6-8 ng/ml (200-300 nM) labelled precursor RNA and 60 ng/ml protein (38 nM hexamer) in 50 mM Tris, pH 8.0, 2.5 mM MgCl 2 , 30 mM NaCl, 10 mM K 2 HPO 4 and 0.1 mM DTT at 37 C. Five microlitre aliquots were withdrawn at the times indicated and reactions were stopped by the addition of 5 ml 95% formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05% xylene cyanol. Samples were run on 5% polyacrylamide/7 M urea gels. GGTAA  CC207  TCCTGTGTGTCTGCCAATTCCACCA  CC208  CAGTTACGGAGAGCAAGGGATTCGA  CC209  AAATTATGCGGATGAAGGGACTTGAACCCC  CC214  CAGTGGCGGAGACGAAGGGATTCGAA  CC215  AAATGGTGCGGATGAAGGGACTTGAACC  HP62  AACACAGCATGCCTGAACTACTTCCGC  HP294  GGTAATAGTCGACTTACAATAGACTTGAATATTATATC  HP560  ATTAATACGACTCACTATAGCTTCCATAGCTCAG-CAGGTAG  HP563 ATTAATACGACTCACTATAGCCGGTGTAGCTCAAT-TGGTAG Restriction sites are underlined.
RESULTS
Short precursors of CCA-containing tRNAs accumulate specifically in the absence of RNase PH in vivo
Only two of the 3 0 -5 0 exoribonucleases potentially involved in tRNA maturation in E.coli are present in B.subtilis, RNase PH and PNPase, encoded by the rph and pnpA genes, respectively (25-27). Both are phosphorolytic enzymes. To determine whether either of these enzymes might be involved in tRNA maturation in B.subtilis, we examined the in vivo processing of eight individual tRNAs in rph and pnpA single deletion mutants and in an rph pnpA double mutant by northern blot analysis ( Figure 1 ). Four of the tRNAs chosen for study had an encoded CCA and four did not. We also combined the rph pnpA double mutant with a construct where the gene coding for RNase Z (rnz) was placed under IPTG-dependent control and isolated total RNA, in the presence and absence of IPTG. Two classes of tRNAs clearly emerged from the northern blot analysis: CCA-less tRNAs accumulated as long precursors in the rph pnpA rnz strain grown in the absence of IPTG (lane 5), but in no other strain, while CCA-containing tRNAs accumulated as short precursors in any strain that lacked RNase PH (lanes 3-6). Most of the precursors that accumulated in the absence of RNase PH were 1-4 nt longer than the mature tRNA, while those that accumulated in the absence of RNase Z correspond to full-length precursors ending in transcription terminators (20). Thus, CCA-less tRNAs are processed by RNase Z, while maturation of CCA-containing tRNAs involves RNase PH. Although no overlap is apparent between the two pathways in the northern blot shown in Figure 1 , we believe a small portion of B.subtilis tRNAs can be processed by either pathway (see Discussion). The pnpA mutation had no effect on tRNA maturation, either on its own or in combination with rph and rnz.
Multiple redundant exoribonucleases are involved in the maturation of B.subtilis CCA-containing tRNA precursors A significant level of CCA-containing tRNA maturation still occurred in the absence of RNase PH, suggesting that at least one other enzyme is involved in the processing of these tRNAs. Only two other exoribonucleases have been identified thus far in B.subtilis, RNase R and YhaM, encoded by the rnr and yhaM genes, respectively (23,24). To determine whether either of these two ribonucleases played a role in the maturation of CCA-containing tRNA precursors, we performed northern blots of total RNA isolated from rnr and yhaM deletion mutants, alone or in combination with the rph mutation. The rnr and yhaM mutations had little effect on the maturation of the eight tRNAs tested, either alone or combined with the rph mutation ( Figure 2, lanes 1-4) . In strains with three exoribonuclease mutations (rph rnr yhaM), a small increase in precursor size was seen for trnD-Ser (compare lanes 4 and 5) and this effect was seen in varying degrees with other CCAcontaining tRNA species, with minor variations in the relative importance of the different enzymes for specific tRNAs (data not shown). In strains with all four exoribonuclease mutations, a very clear increase in the size of the precursor fragments occurred, also specifically in tRNAs with encoded CCA motifs ( Figure 2 , lanes 5 and 6). As precursor size tends to increase with an accumulation of exonuclease mutations the data suggest that, as in E.coli, multiple redundant RNases appear to be involved in an exonucleolytic pathway of tRNA maturation.
RNase PH degrades 3
0 extensions in vitro and is arrested 3-4 nt from the discriminator base
To further analyse the role of RNase PH in the maturation of CCA-containing precursors, we overproduced and purified C-terminal histidine-tagged B.subtilis RNase PH in E.coli. We then measured the rate of RNase PH degradation of the 3 0 extensions of various B.subtilis tRNA precursors, synthesized by T7 RNA polymerase in vitro, some of which possess an encoded CCA motif and some which lack it. Some tRNA precursor preparations had additional products besides the designed full-length transcript, which provided additional information about the ability of RNase PH to traverse secondary structures (see Discussion). A significant portion of T7 RNA polymerase paused or terminated 6 or 7 nt downstream from the 3 0 end of all tRNAs synthesized. In addition, a natural transcription terminator occurs 35 nt before the 3 0 end of the trn-Ala1 transcript and a non-native stem-loop is present 10 nt from the end of the trnD-Cys transcript, which also caused T7 RNAP to pause or terminate 6-7 nt downstream.
The degradation kinetics of the different tRNA precursors in vitro were highly dependent on the enzyme-to-substrate ratio and the presence of secondary structure in the 3 0 extensions. At near stoichiometric RNase PH-to-substrate ratios, RNase PH rapidly degraded both classes of tRNA precursor to 1 nt from the discriminator base where it remained stalled for periods characteristic for each tRNA, but independent of the CCA motif (data not shown). At limiting enzyme concentrations, RNase PH first degraded the 3 0 extensions to within 6 or 7 nt of the discriminator base with the accumulation of few intermediates, indicative of a processive mode of degradation ( Figure 3 ). For trnSL-ala1 and trnD-cys, the accumulated intermediates were attributed to the secondary structures which caused both the termination of T7 transcription in the synthesis of the substrate and a block to RNase PH processivity. At 6-7 nt from the discriminator base, RNase PH action became more distributive, and precursors progressively shortened by 1 nt were visible, culminating in a significant accumulation of species 3 or 4 nt from the discriminator base. The trnB-Thr, trnD-Ser and trnB-Leu1 precursors, all of which possess a CCA motif, were degraded primarily to +4 or +3 (where the discriminator base is defined as 0) at the end of the 30 min experiment, while the CCA-less precursors trnI-Thr, trnSL-AlaI and trnD-Cys were reproducibly degraded 1 nt further (+3 or +2) in the same time period. This suggested that RNase PH might be sensitive to the presence of the CCA motif to some extent.
RNase PH is slow to remove the last nucleotide 3 0 to the CCA motif in vitro To determine whether the CCA motif had an effect on the degradation kinetics of RNase PH independently of sequence variation in either the tRNA or the 3 0 extension, we synthesized short variants of the trnI-Thr, trnD-Ser and trnB-Leu1 tRNA precursors, with and without a CCA sequence, and compared their degradation rates in vitro at limiting RNase PH concentrations. The precursors were designed to terminate 6 nt (+6) downstream from the discriminator base and the species with and without CCA differed from each other by substituting UA for the CC dinucleotide of the CCA motif. As was observed for the longer tRNA precursors, the first major pause by RNase PH was at +3 for CCA-less precursors, while for the CCA-containing variants, the enzyme first stopped at +4, before eventually moving to +3, the position required to yield a functional tRNA (Figure 4 ). This suggests that RNase PH can indeed sense the presence of the CCA motif when it gets close to the acceptor stem and, for reasons that are as yet unclear, hesitates before removing the +4 nt specifically from CCA-containing tRNA precursors. Purified native RNase PH behaves identically in vitro (data not shown), showing that this degradation pattern is not an artefact due to the His tag. RNase PH arrest at +4 in vitro is independent of nucleotide identity; A, C or U occupy this position in the three tRNA precursors tested. 
DISCUSSION
Previous evidence had suggested the existence of at least two pathways for tRNA maturation in B.subtilis: an RNase Z-dependent endonucleolytic pathway limited to CCA-less tRNA precursors and a second pathway for those containing a CCA motif. In this paper, we show that, while long 3 0 extensions of CCA-containing tRNA precursors can be matured by multiple redundant exoribonucleases in vivo, RNase PH plays a major role in degrading the last few nucleotides before the acceptor stem. We show that, similar to RNase Z, which is inhibited by the presence of the CCA motif at the end of the acceptor stem, RNase PH also appears to be sensitive to this sequence and is surprisingly slow to remove the last nucleotide to generate the functional tRNA.
CCA-containing precursors a few nucleotides longer than the mature tRNA accumulated in rph mutant strains in vivo, for all of the tRNAs we examined. This is in sharp contrast to E.coli, where effects of the rph mutation were only visible on one of the eleven tRNA species examined, or upon precursor tRNA overproduction (2) . The accumulation of precursor species in E.coli generally required removal of a second exoribonuclease, RNase T. The increased relative importance of RNase PH for removal of the last few nucleotides in B.subtilis in vivo may be due to the lack of an RNase T ortholog to provide this overlapping function.
The presence of multiple exonuclease mutations in one strain led to increased length of CCA-containing tRNA precursors in vivo, suggesting that, as in E.coli, multiple redundant enzymes are involved in the exonucleolytic pathway of tRNA maturation in B.subtilis. The quadruple deletion strain, rnr yhaM rph pnpA, grows slowly (doubling time of $60 min in rich medium). Whether the level of accumulation of tRNA precursors seen in this strain is sufficient to account for its slow growth phenotype remains to be seen. It is clear, however, that a significant level of tRNA maturation still occurs in the quadruple exoribonuclease mutant, suggesting that at least one other enzyme of this pathway remains at large. Preliminary experiments have suggested that recently identified ribonucleases encoded by the B.subtilis ykqC, ymfA genes (28) or the kapD gene, encoding a homolog of Homo sapiens 3 0 hExo and Caenorhabditis elegans ERI-1 RNases (29,30), are not responsible for this activity (data not shown).
The size of the precursor tRNA that accumulated in vivo in strains lacking RNase PH in Figure 1 was dependent on the tRNA. The trnD-Ser precursor, for example, had only 1-2 extra nucleotides, whereas the trnB-Leu1 precursor was clearly a few nucleotides larger. Since these two tRNA precursors showed no difference in their degradation profiles by purified RNase PH in vitro (Figure 4 ), we presume this difference in precursor size observed in vivo is owing to variations in sensitivities of these tRNAs to the remaining processing enzyme(s).
The concentration of RNase PH (38 nM) necessary for the kinetic experiments, even though limiting relative to the substrate (200-300 nM), was quite high, presumably because of the relatively high K m of RNase PH [1 mM for the E.coli enzyme (31)] for tRNA. At limiting RNase PH concentrations, the first site of RNase PH arrest detected in vitro is 3-4 nt from the discriminator base. Curiously, relatively little of the +2 species is seen in the CCA-containing precursors compared to those without CCA (Figure 4) , suggesting that if the CCA sequence is attacked by RNase PH, it has a tendency to remove all but the final cytosine (+1). Should this occur in vivo, the tRNA could be repaired by nucleotidyl transferase by adding CA to the C at +1. For the CCA-less precursors, significant quantities of the +3, +2 and +1 products are seen, whereas no discriminator product accumulates, i.e. degradation to nt 0. None of these products would be a substrate for nucleotidyl transferase activity, which adds either to the discriminator base or to C-or CC-ends. In this case, RNase Z would be required to cleave endonucleolytically at the discriminator base, generating a viable substrate for nucleotidyl transferase activity.
RNase PH hesitates before removing the +4 nt specifically from CCA-containing tRNA precursors in vitro. This is in agreement with results in E.coli that show that, while RNase PH can easily remove the +5 nt from tRNA precursors, it is significantly less efficient at removing the +4 nt than RNase T (32). The dynamics of removal of the last nucleotides of CCA-less tRNAs has not been addressed with E.coli RNase PH, mainly because this organism possesses only tRNAs with encoded CCA. Since RNase PH can degrade CCA-less precursors to +3, this would suggest that the phenomenon is sequence-, rather than position-dependent. This is not an artefact of the sequence we chose to replace the CCA motif in the experiment shown in Figure 4 , since RNase PH behaves in the same manner when the CCA motif is replaced with a sequence other than UAA in the case of trnI-Thr (data not shown). It is not clear why a check-point at +4 for CCA-containing tRNAs would be a beneficial property of RNase PH or, indeed, whether this is a significant event in vivo where other enzymes are present. The distributive nature of RNase PH degradation close to the acceptor stem, also observed in the E.coli enzyme (33), would allow other, possibly more efficient enzymes, access to the substrate at each successive round of nucleotide removal. The active site of B.subtilis RNase PH is deep within the enzyme, at the base of a cleft that can accommodate the CCA motif and the first few base pairs of the acceptor stem (34). Thus, the potential for sensing the presence of the CCA motif clearly exists.
Although RNase PH is sensitive to the CCA motif in vitro, this only appears to concern the removal of the very last nucleotide 3 0 to the CCA motif; 3 0 extensions of CCA-less precursors are also degraded by RNase PH in vitro (Figures 3  and 4) . What then accounts for the in vivo observation that the rph and other exonuclease mutations only affect the processing of CCA-containing tRNAs? This result could be explained by an inhibition of exonucleases by secondary structures downstream of the majority of CCA-less tRNAs, making these precursors substrates primarily for RNase Z ( Figure 5) . Out of the 27 CCA-less tRNA precursors in B.subtilis, 17 are predicted to have transcription terminators (13 species) or stable stem-loops (4 species) protecting their 3 0 ends from exonucleolytic degradation (data not shown).
A good example of the inhibitory effect of a terminator structure on RNase PH degradation in vitro was seen with the trnSL-Ala1 tRNA in Figure 3 . We believe that the 10 remaining CCA-less tRNAs can be processed either endonucleolytically or exonucleolytically and would, thus, not be predicted to accumulate as precursors in the absence of only one pathway. Indeed, three CCA-less tRNAs Figure 5 . Model for 3 0 maturation of tRNAs in B.subtilis. In the maturation of CCA-less tRNAs by the endonucleolytic pathway, exoribonucleases (pac-man symbol; exos) are inhibited (indicated by the X) by 3 0 terminal structures and these tRNAs are thus primarily substrates of RNase Z (scissors). The 3 0 trailer fragment generated by RNase Z is presumably eventually degraded by exonucleases in a much slower reaction. CCA-less tRNA precursors that are not protected by secondary structures can be degraded by either pathway. In the maturation of CCA-containing tRNAs, RNase Z activity is inhibited by the CCA motif, and the 3 0 extension is degraded by exonucleases. Should part of the CCA sequence be removed by the exonuclease, it is repaired by nucleotidyl transferase (CCase).
(trnD-Cys, trnD-Thr and trnSL-Thr1) were identified by Pellegrini et al. (20) that were still correctly matured under conditions of RNase Z depletion. In their primary transcripts, these tRNAs are followed closely by other tRNA species and are expected to have short unprotected 3 0 extensions upon processing of the 5 0 side of the downstream tRNA by RNase P, permitting maturation either by the exonucleases or by RNase Z. Thus, the two pathways of tRNA maturation in B.subtilis are not likely to be fully mutually exclusive; 17 tRNAs are predicted to be processed primarily by RNase Z, 59 by exonucleases and 10 by either pathway.
